We have calculated relativistic energies, Landé factors, and lifetimes for some excited levels outside the core [Xe] in neutral ytterbium (Yb I, Z = 70) using two configuration interaction methods (multiconfiguration Hartree-Fock method within the framework of Breit-Pauli relativistic corrections developed by Fischer, and Cowan's relativistic Hartree-Fock method). Results obtained have been compared with other calculations and experiments. PACS: 31.15.ag, 31.15.aj, 
Introduction
The neutral and lowly ionized lanthanides (Z = 57-71) are characterized by the progressive filling of the 4f subshell of their electronic configurations. They possess the common feature of a xenon structure with addition of two or three outer electrons [1] . The basic spectroscopic characteristics of an atomic system are levels' location (the energies) and the lifetimes (decay probabilities). There is an increasing need of atomic data (wavelengths, transition probabilities, lifetimes, hyperfine structure constants, isotope shift data, the Landé factors) for the rare--earth elements and ions. Unfortunately, present knowledge of these characteristics, in particular for heavy--atomic systems, is rather insufficient. Such is the case for the rare earths in general [2] .
Ytterbium is an even-Z rare-earth element (Z = 70) with seven natural isotopes, i.e. S 0 as the ground state.
Theoretical knowledge of lanthanides was presented by Cowan [3] . The first spectrum of ytterbium was studied by King [4] . Meggers and co-workers studied atomic spectra of rare-earth elements, and reported wavelengths and relative intensities of 1668 lines and estimated intensities of 1791 lines of Yb I [5] [6] [7] . Camus and co-workers measured 73 absorption lines in the ultraviolet region and obtained the even-parity states with J = 0 and J = 2 belonging to the series 4f 14 6sns (n = 13-62)
14 6snd (n = 11-64) [8, 9] . Also, Wyart and Camus extended the analysis and identified some new levels of Yb I [10] . Spector identified the energy levels of 4f 13 5d6s 2 and 4f 13 6s 2 6p configurations [11] . Mansfield and Baig photographed the 5p-subshell spectrum of Yb I [12] . Maeda et al. studied optical-microwave double-resonance spectroscopy of * corresponding author; e-mail: lozdemir@sakarya.edu.tr highly excited Rydberg states of ytterbium [13] . Yi and co-workers investigated autoionizing states of ytterbium atom [14, 15] . Baig et al. reported innershell and double excitation spectrum of ytterbium involving the 4f and 6s subshells [16] . Ali and co-workers presented data on the even-parity autoionizing resonances, and two-colour three-photon excitation of the 6snf 1,3 F 3 and 6snp
Rydberg's states of Yb I [17, 18] . The Rydberg and autoionizing states of neutral ytterbium were also studied by Xu et al. [19] . Griesmann et al. presented photoionization cross-sections of doubly excited resonances in ytterbium [20] . Wu and co-workers measured some new energy levels belonging to the 4f 14 6snp
3 P 0,2 series, and investigated sixteen autoionizing levels of Yb [21, 22] . Aymar and co-workers presented theoretical analysis of highly excited levels of Yb, and investigated high-lying odd-parity levels Yb I by the method of selective three--step laser spectroscopy [23, 24] . The interchannel interaction between single excitation from 4f 14 and double excitation from 6s 2 in Yb I was reported by Baig and Connerade [25] . Eliav et al. calculated transition energies of ytterbium using the relativistic coupled-cluster method [26] .
Radiative lifetimes of ytterbium have been studied by many authors. Rambow and Schearer measured the radiative lifetimes of some levels of Yb I [27] . Baumann and co-workers determined g J factors and lifetimes of the excited states 6s6p 14 6s6d configuration [28] [29] [30] . Also, they determined radiative lifetimes and g J factors of low-lying even-parity levels in the Yb I spectrum, and measured radiative lifetimes in the even parity 6snd 1 D 2 (n = 6-13) and 6sns 1 S 0 (n = 8-14) level series of neutral Yb [31, 32] . Guo et al. measured lifetimes of the Rydberg levels in the perturbed 6snp 3 P 2 series of Yb I [33] . In addition, the lifetimes of 21 excited states in atomic Yb were measured by Bowers et al. [34] . Radiative lifetimes of levels of Yb I were compiled and analyzed by Blagoev and Komarovskii [35] . Doidge presented discussions concerning the lifetimes for the resonance transi-tions in Yb I [36] . Bai and Mossberg performed lifetime studies involving the 6s6p [40] . They presented natural radiative lifetimes of ytterbium in the 6sns 1 S 0 (n = 12-22) Rydberg sequence of Yb [41] . Budick and Snir presented lifetimes of the two excited electronic states for ytterbium [42] . Jiang and Larsson studied perturbations in the np 1,3 P Rydberg sequences and lifetime measurements of Yb I [43] . Migdalek and Baylis presented energies and oscillator strength for the spin-allowed 6s [44] . Later, they reported multiconfiguration Dirac-Fock (MCDF) calculations of lifetimes for the low--lying levels of neutral ytterbium [45] . A list of energy levels for excited levels was compiled and presented by Sansonetti and Martin [46] , and can be found on the NIST web site [47] . Table I .
The calculations have been carried out using the multiconfiguration Hartree-Fock (MCHF) code [48] in the framework of the Breit-Pauli corrections developed by Fischer and HFR code [49] developed by Cowan. We reported various atomic structure calculations such as transition energies, hyperfine structure, lifetimes, and electric dipole transitions for some rare-earth elements (La I, La II, Lu I and Ac I) [50] [51] [52] [53] [54] [55] [56] .
Calculation methods: MCHF and HFR methods
In this work, the calculations have been performed using the MCHF method [57] and the HFR method [3] . The information about these methods can be found from Ref. [57] and Ref. [3] . We will here introduce these methods, briefly.
In the MCHF approximation, Hamiltonian is used for obtaining the best radial functions for the set of non--relativistic energies of the interacting terms. The wave function is approximated by a linear combination of orthonormal configuration state functions. In this method, the relativistic effects are considered in the framework of the Breit-Pauli Hamiltonian. This Hamiltonian is a first-order perturbation correction to the non-relativistic Hamiltonian and includes non-relativistic Hamiltonian plus relativistic shift operator including mass correction, one-and two-body Darwin terms, spin-spin contact term and orbit-orbit term, and the fine structure operator including the spin-orbit, spin-other orbit, and spin-spin terms. Therefore, the Breit-Pauli wave functions are obtained as a linear combination of the form
where Φ(γLSJM ) are LSJ coupled configuration state functions (CSFs). Also, γ i and c i represent configurations and mixing coefficients of configurations, respectively. The mixing (or expansion) coefficients c i are obtained by diagonalizing the Breit-Pauli Hamiltonian. The radial functions building the CSFs are taken from a previous non-relativistic MCHF calculation and only the expansion coefficients are optimized. In HFR method [3] , Hamiltonian includes spinorbit interaction besides nuclear-electron and electronelectron interactions.
This method calculates one--electron radial wave functions for each of any number of specified electron configurations, using the HartreeFock or any of several more approximate methods. There was obtained the center-of-gravity energy of each configuration, and those radial Coulomb and spin-orbit integrals required to calculate the energy levels for the configuration. After the wave functions have been obtained, they are used to calculate the configuration interaction Coulomb integrals between each pair of interacting configurations. Then, it is set up energy matrices for each possible value of J and diagonalized each matrix to get eigenvalues (energy levels) and eigenvectors. In this method, relativistic corrections have limited calculations to the mass-velocity and Darwin corrections, taking as relativistic correction to total binding energy.
The Landé g factor of an atomic level is related to the energy shift of the sublevels having magnetic number M by
where B is the magnetic field intensity and µ 0 is the Bohr magneton. In pure LS coupling, the g-factor can be taken given by formula (8) in [58] . The Landé factors for energy levels are a valuable aid in the analysis of a spectrum. These factors which are a measure of the magnetic sensitivity of atomic levels can be calculated using the code developed by Jönsson and Gustafsson [58] according to MCHF wave functions. In HFR method, Landé factors have been calculated using wave functions obtained from HFR calculation.
Most experiments yield the lifetime of the upper level because of easy measuring. In this case the sum over multipole transitions to all lower lying levels must be taken. The lifetime, τ γ J , of upper level (γ J ) is
In the formula (3), A πk is the transition rate (or probability) for emission from the upper level to the lower level in the form
where 
Results and discussion
In this work, we have calculated the relativistic energies, Landé factors, and radiative lifetimes for some excited levels in Yb I (Z = 70) using MCHF+BP [48] and HFR [49] codes. In MCHF+BP calculation, four various calculations have been performed to obtain configuration state functions (CSFs) according to valence-valence correlation.
The configuration sets selected for investigating correlation effects are given in Table I . Correlation effects in atoms can often be classified as valence-valence, corevalence and core-core contributions. Generally, these contributions can be evaluated by multiconfiguration techniques. As introduced by Migdalek and Baylis [44] , especially for oscillator strength calculations, only the first two contributions are usually important, in particular valence-valence correlation although the core-valence correlation in many electron atoms is important. How-ever, excitations from core to valence produce too many configurations.
In Table I , the configuration sets are selected according to increasing number of configurations. We tried to perform the various correlations (core-core and core-valence correlation) other than valence-valence correlation. But, these type configurations occur resulting in large configuration state function expansions due to open core and valence subshells and cause the optimization problems. Therefore we have often restricted our calculations with valence-valence correlation. Only in HFR calculation, we have considered core-valence correlation (in C and D) besides valence-valence correlation (in A and B) . In C calculation we have only taken one configuration excited from core besides the ground and first excited levels. In D calculation 4f
14 5d6s valence and one configuration excited from valence have added those in C calculation. That is, we have not selected more configurations excited from core and valence together because of the optimization constraints and computer limits.
Electron correlation effects and relativistic effects play an important role in the spectra of heavy elements. Thus we have to consider these effects for lanthanides. However, it is very difficult to calculate the electron correlation for these atoms because of their complex structure. In addition, it may be needed to take highly excited levels of these type atoms. Therefore this has provided useful information for understanding correlation effect. But, in this case the computer constraints occur. Therefore, we varied some parameter values increasingly in the MCHF atomic-structure package (maximum number of eigenpairs, maximum number of configuration state functions, maximum number of terms and maximum number of coefficients) so that the calculations for the configurations above can reasonably be made. In the atomic structure calculation and accurate prediction of radiative atomic properties for heavy atom such as Yb I, complex configuration interaction and relativistic effects must be considered simultaneously. But some constraints related to method and available computer limitations occur.
In this work, the relativistic energies (cm 14 5d6p excited levels of neutral ytterbium (Yb I) are presented to facilitate comparison with these levels in the literature. We have also calculated Landé factors for these levels using the Zeeman program developed by Jönsson and Gustafsson [58] . This code has used MCHF wave functions. References for other comparison values are typed below the table with a superscript lowercase letter. Only odd-parity states in tables are indicated by the superscript " o ". The MCHF+BP calculations obtained by the MCHF atomic-structure package [48] are performed with various configuration sets displayed in Table I. Table II 14 5d6p) agree with others. A and B calculations also agree for some levels. The Landé factors are also in agreement with others. It is noted that the MCHF+BP calculations are performed according to valence-valence correlation. It will be probably correct to consider the configurations including excitations from core. But, as mentioned above, it was not possible because of the optimizing constraints for all orbitals in these configurations. Our results obtained within the framework of the MCHF+BP approximation can be improved when the configurations including more unfilled d and f subshells and the excited from 4f 14 are considered. But a huge number of levels arise from these configurations, making the analysis of the ytterbium spectra extremely complex and time consuming such as in other lanthanide atoms.
We have studied with four various configuration sets again for considering correlation effects in the HFR calculations performed using Cowan's computer code [49] . These configuration sets are also given in Table I . This approach, although based on the Schrödinger equation, includes the relativistic effects like the mass-velocity corrections and the Darwin contribution besides spin-orbit effect. In this calculation, the calculated eigenvalues of the Hamiltonian were optimized to the observed energy levels via a least-squares fitting procedure using the available experimental energy levels. In fact, all the levels taken from the NBS compilation (NIST) were included in the fitting procedure. The scaling factors of the Slater parameters (F k and G k ) and of configuration interaction integrals (R k ), not optimized in the least-squares fitting, were chosen equal to 0.75, while the spin-orbit parameters were left at their ab initio values. This low value of the scaling factors has been suggested by Cowan for neutral heavy elements [3] .
The agreement between our energies and the Landé factors (in column represented by HFR in Table II 13 5d6s6p core configurations, and 4f 13 5d 2 6s core configuration besides those in C calculation for even-and odd-parity, respectively. In addition, we have presented some lifetimes results from HFR calculation. Again, we have studied with configuration sets displayed in Table I For even-parity according to this calculation the agreement is good. An agreement except for some levels is seen when our results are compared with other works. The lifetimes of some levels will probably be improved because more configurations include levels excited from core. This case is restricted by computer limitations.
Conclusion
The main purpose of this paper was to perform MCHF+BP and HFR calculations for obtaining a description of the Yb I spectrum. We have here reported new data including valence-valence and core-valence correlation (only in HFR calculation) effects and relativistic corrections in Yb I. We have also presented the Landé factors of the energy levels. The Landé factor is a measure of the magnetic sensitivity of atomic level. It is known that the experimental values for Landé factors of rare--earth elements are far from being complete. Somewhat poor agreement between theory and experiment which is showed for some of the levels calculated in the present work requires further consideration. The energy data and Landé factors presented for Yb I in this work can be useful to investigations for some radiative parameters. It is known that the experiments are extremely expensive and difficult and the theoretical methods need huge computing facilities or along time to be worked out for a heavy element such as ytterbium. Consequently, we hope that our results obtained using MCHF and HFR methods will be useful for the other works in the future for Yb I spectrum.
